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Sunmmary

During the last 6 nonths, the primary focus has been on

devel opnent and val i dation of the snow mappi ng al gorithm
(SNOVAP) using Landsat TM data, and witing up procedures for
i npl enenting the algorithm Version 1.0 of the algorithm

t heoretical basis docunment (ATBD) was prepared and submtted.
Prelimnary code has al so been witten and turned in to the
MODI S Sci ence Data Support Team Additionally, progress has
been nade on devel opment of a nore reliable passive-m crowave
al gorithm for gl obal snow mappi ng, and on snownelt energy

bal ance nodeling. Plans have been fornmulated for a MDD S

Al rborne Simulator (MAS) flight during the winter BOREAS

m ssion in Saskatchewan and for a validation effort using
aerial photography over d acier National Park, Mntana during
snownel t conditions, concurrent with Landsat TM over passes.

Currently four papers are in preparation: one for the August
1994 | GARSS Synposi um another for the February Anerican

Met eor ol ogi cal Society Conference, a third for the 10th

I nternational Northern Research Basins Synposi um and

Wor kshop, 28 August-3 Septenber 1994, Spitzbergen, Norway,
and the fourth for subm ssion to a journal

A.  Task (bjectives

The prinmary objective of the MDD S/snow work is to devel op,
test and validate algorithns that will be useful to map snow
and sea ice cover globally, using MODIS calibrated radi ances
in an automated way. Additionally, other snowpack properties
will be studied in order to inprove our understandi ng of
snowpack energy bal ance. Concurrent with the devel opnent of
an algorithmto map snow using MODIS data, algorithns to nmap
snow gl obal Iy usi ng passive mcrowave data are being

val idated and plans are being fornmulated to eventually
conbi ne visible, near-infrared and passive m crowave data to
opti m ze snow mappi ng and mappi ng of snow refl ectance and
wat er equi val ent.

B. and C.  Wrk Acconplished and Data Anal ysis

Wrk has been on-going in several different areas including:
1) devel openent of the algorithmtheoretical basis docunent
(ATBD), 2) acquiring and utilizing digital elevation data
(DEM to map snow by el evation zone in Montana, 3) BOREAS

m ssion planning, 4) studying the utility of the MDD S

Al rborne Simulator (MAS) data for snow mapping, 5) validation
of passive mcrowave algorithns to map snow gl obally, 6)

pl anning validation flights during snowrelt in March and
April 1994 in dacier National Park, Mntana, and 7) snowrelt



ener gy bal ance nodeling. Each of these topics will be
di scussed separately.

1) An ATBD was witten and turned in to the SDST | ast

sunmer. The ATBD details the current plans to devel op
accurate snow and sea i ce mapping algorithms. Background
information on prior efforts to map snow and sea ice is
given. The algorithmthat is currently envisioned to be used
to map snow, SNOVAP, is described. The algorithmis being
devel oped using TMdata. A thresholding approach is used. A
10 May 1992 TM scene whi ch was anal yzed in detail by VWalter
Rosent hal / UCSB was used to test the results of SNOVAP.
Results were found to conpare well with Rosenthal's results
for pixels that were at | east 72 percent covered by snow.

The ATBD has been sent to three non-Coddard and four Goddard
scientists for review The docunent is now being revised
prior to being sent out for external, peer reviewin
Feburary.

2) DEM data have been acquired of nost of d acier Nationa
Park, Montana. These data are currently being processed into
a formthat will permt themto be registered to avail able 14
March 1992 TM data. The TM scene covers a variety of
surface-cover types and al so contains sone clouds. The area
was nostly snow covered at the tine of data acquisition. The
SNOVAP al gorithmw ||l be run on the TM scene before and after
registration with the DEM data. Snow cover by el evati on zone
will be nmeasured. Differences found in results of the
algorithmw th and without the DEMw | | be conpared.

3) Aflight of the MAS on the ER-2 aircraft is planned
during the winter BOREAS mi ssion to be held during the week
of 6 Feburary 1994 in Prince Al bert National Park,

Saskat chewan. The MDD S Land G oup has an approved BOREAS
project. Data will be obtained fromthe MAS, passive

m crowave and ganma-ray sensors of snow extent, reflectance
and depth. The utility of the MAS to map snow i n heavy
forest cover will be investigated concurrent with the ability
of the passive m crowave sensors to map both snow extent and
depth through dense forests. Meetings have been held with

t he Canadi ans and ot her BOREAS investigators to plan the
experi ment .

4) MAS data fromspring 1992 are currently bei ng processed.
During a test flight of the ER-2 aircraft in May 1992, data
sets were acquired for the MDD S snow project over the Sierra
Nevada Mountains. The SDST has been re-calibrating the MAS
data from 1992 and plans to distribute themin |late January
1994. MNAS data will allow an inproved anal ysis of the
utility of the thermal-infrared bands for snow
identification.



5) A study is being conducted by JimFoster/974 and ot hers
in order to conpare snow cover and snow nass outputs from
general circulation nodels (GCMs). Validation of the ability
of GCMs to represent accurately snow cover and snow nmass
distributions is vital for climate-change studies. Snow

out put fromsix GCOMs was interconpared for the period 1979-
1988 for both North Anerica and Eurasia, in an effort to
assess the magnitude of spatial and tenporal variations that
exi st between the nodels. Passive m crowave snow data from
the N nbus-7 SMVR and vi si bl e snow data from NOAA
observations were used to gauge the capability of the nodels
i n reproduci ng actual observations. Prelimnary results

i ndicate that the nodels represent intra-annual and inter-
annual snow cover distributions fairly well. For exanple,
the United Kingdom GCMis within about 5 percent of the snow
cover val ues neasured fromthe NOAA data during the winter
nont hs. The paper by J. Foster et al., witten for the
Anerican Meteorol ogi cal Society Conference, to be held 23-28
January 1994, in Nashville, TN, is Appendix 1 of this report.

6) It is necessary to test SNOVAP under a variety of surface
condi tions, and to understand the conditions under which
errors occur, and to neasure the magnitude of those errors.
An initial effort to validate SNOVAP was nentioned above in
connection with the 10 May 1992 TM scene of the Sierra
Nevada. Additionally, plans are being formulated to have a
series of aircraft overflights of dacier National Park,

Mont ana during snownelt in March or April of 1994. There is
a variety of surface conditions in the Park. It wll be

i mportant to neasure the accuracy of the results of the
algorithmin snow covered forests, |akes and nountains.

Aircraft overflights using a sensor devel oped by Positive
Systens of Kalispell, Montana, will be flown sinultaneous
with the Landsat overpasses. The aircraft data are both
image and digital data. The resolution of the aircraft data
will be approximately 5 mwhile the resolution of the TM data
is 30 m Limted ground observations will be nmade concurrent
with the aircraft overflights and the satellite overpass.

The aircraft sensor obtains data at approxi mately the
foll ow ng band centers: 450 nm 550 nm 650 nmand 850 nm
(all with 80 nm band wi dths).

Digital aircraft data will be obtained of a portion of the
Park on days of Landsat overpasses in March and April 1994.
Fol | owi ng data processing, extent of snow cover will be
nmeasured using the digital data and al so using the Landsat
data. The aircraft data will be considered to be accurate,
or the "ground truth."™ Thus, the accuracy of the Landsat-
derived snow extent, using SNOVAP, will be neasured relative
to the aircraft data, and the error will be cal cul at ed.



Results fromthis experinment, conbined with results fromthe
10 May 1992 TM scene will help us to anal yze the accuracy of
SNOVAP.

7. den Liston/ USRA has been devel oping and testing a
snownel t energy bal ance nodel. Using the nodel, energy
transfer processes during snowrelt can be nodel ed and are
found to have significant variability at the mcro and | oca
scale. An paper to be presented at the 10th International
Nort hern Research Basi ns Synposi um and Wrkshop to be held
this sunmer in Spitzbergen, Norway is Appendix 2 of this
report.

D. Anticipated Future Actions

It is anticipated that work will continue in all of the
areas discussed above. In the near future, there will be 2
aircraft overflights for algorithmvalidation purposes. The
first will be during the BOREAS experinment over Prince Al bert
Park, Canada (NASA ER-2 with the MAS). The second will be
lowlevel flights over 3 acier National Park during snowrelt
si mul taneous with Landsat overpasses, for algorithm
verification/validation. Follow ng the data processing, nost
of the next 6 nonths will be spent analyzing and witing up
the results of those experinents.

E. Problens/Corrective Actions
No naj or problens are noted at this tine.
F. Publications
Three conference papers and one journal paper are in

preparation. See second paragraph of Summary, above, and
appendi ces, below, for details.
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1. | NTRODUCTI ON



General circulation nodels (GCMs) are essential tools

for studies of the sensitivity of climate to a variety of
processes, and for predicting the magnitude, timng

and spatial distribution of regional and gl obal clinmte
and climte changes. Regardless of how sophisticated
the nodels are, realistic results cannot be assured

unl ess they are used with care and tested agai nst

results fromobserved data or other available data sets.

Wien there is a high degree of confidence that |and
surface data sets such as snow cover and snow depth

are reliable, they can then be used to validate the
performance of the GCMs. Snhow in particular is a

good di agnostic for verification since, at |east during
accumul ation, it is not diverted into streanfl ow or
groundwat er and so can be nore easily accounted for
than rainfall, for instance.

In this study how GCMs perform at continental scales
will be quantitatively determ ned. Mdel results from
several GCMs will be interconpared for North
Anerican, and the GCMout puts will al so be conpared
with renote sensing (passive mcrowave and visible
data) results. Quantifying the ability of GCMs to
represent the global hydrologic cycle is inportant.
This is the thrust of the Atnospheric Mdeling

| nt er conpari son Project (AMP) which is using a ten-
year period to interconpare nodel output from nore
than two dozen GCMs.

2. DATA SETS
2.1. GOMvs

A nunber of nodeling groups have agreed to share
their GCM data for this study. The United Ki ngdom
Met eor ol ogi cal O fice (UKMD in Bracknell,

Engl and: the Canadian dinmate Centre in Downsview,
Ontario; The National Center for Atnospheric

Research in Boul der, Col orado; the Max Pl anck
Institute (MPI) for Meteorol ogy in Hanburg,

Germany; the Goddard Institute for Space Studies, in
New York; and the CGoddard Space Flight Center

(GSFC) in Geenbelt, MD have all provided snow

mass and snow cover data. Mst all of the avail able
GCMs fornmulate snow in a simlar manner.

Precipitation falls as snow when the tenperature of the
| owest at nmospheric level is below 0 C (Cattle, 1991).
Snow t hi ckness is calcul ated as a bal ance of snowfall,
nelting and sublimation (Cess et al., 1991). However,
di fferences in factors such as physi cal

paraneteri zations, grid size, and al bedo result in



different val ues of snow extent and snow mass. Wth
t he nodel s, prediction of snow conditions is not
hi ndered by the spectral limtations of renote sensors.

2.2. Passive Mcrowave Data

Si nce Novenber 1978, the Scanning Mil ti channel

M crowave Radi onmeter (SMWR) instrunent on the

N nbus-7 satellite and the Special Sensor M crowave
| mager (SSM 1) on DVBP satellite have been

acqui ring passive mcrowave data which can be used
to estimate snow extent and snow depth. The

al gorithm devel oped by Chang et al. (1987) uses the
di fference between the SMVR 37 GHz and 19 GHz
channel s to derive a snow dept h-bri ght ness
tenperature relationship for a uniformsnow fi el d.
This is expressed as foll ows:

SD = 1.59* (TB18H - TB37H)

where SD is snow depth in cm His horizontal

pol ari zation, and 1.59 is a constant derived by using
the linear portion of the 37 and 18 GHz responses to
obtain a linear fit of the difference between the 18
Gz and 37 Gz frequencies. |If the 18 Gz TBis

| ess than the 37 GHz TB, the snow depth is defined to
be zero.

2.3. NOAA Visible Data

Si nce 1966, the National QOceanic and At nmospheric

Adm ni stration (NOAA) has prepared a weekly snow

and i ce boundary chart for the Northern Hem sphere.
Mont hly nean snow cover charts have been

constructed fromthe weekly charts by deriving a

subj ecti ve average of the weekly chart boundaries of
each nonth. The areal extent of continental snow
cover within this average nonthly snow cover

boundary is then measured and recorded. Each chart is
the | atest cloud-free snow observation of the particul ar
area of the worl d.

The NOAA data set is subject to inaccuracies in

| ocating snow i nes due to prol onged periods of

cl oudi ness in sone areas and to analyst error in
interpreting snowfree versus snow covered terrain.
However, the NOAA data are judged to be the nost
reliable of the avail able snow cover data sets.

2.4. Snow Depth d i natol ogy
The U.S. Air Force Environmental Technica

Applications Center (USAF/ ETAC) at Scott Ar Force
Base in Illinois has assenbl ed a gl obal snow depth



climatology (SDC) that is fully docunmented and is
capabl e of being updated. This gl obal snow depth
climatol ogy uses a nmesh reference grid that divides
each hem sphere into 64 equal boxes. Each base is
divided into 4096 grid points that are about 46 km
apart. For each nonth, every box and every grid point
a snow depth val ue (taken to be representative of the
m ddl e of the nonth) is assigned based on results
primarily fromclimtol ogical records, literature
searches, surface weather synoptic reports, and data
obt ai ned at snow course sites.

As with the NOAA data, this data set is not w thout
sources of error. In a nunber of countries,

sunmari zed snow depth val ues are not al ways

avai l abl e to construct a snow climatol ogy with even a
fair degree of confidence. Nevertheless, because in
many cases the snow depths have been directly

observed, these data are deened to be the nost reliable
of the limted snow depth data sets avail abl e.

For the purposes of this study North Anerica
enconpasses all | and areas between 10! and 170! W

| ongi tude. However, ice sheets are not counted in the
snow cover cal cul ations since the enphasis in this
study is seasonal snow only. Thus Geenland is
excluded as are islands such as Spitsbergen and sone
of the islands of the Canadi an Archi pel ago.

3. RESULTS

The UKMO (UK) nodel, the MPI nodel and the

GSFC (Gl) nodel are run for the years 1979-1988

which is the time frame of the AMP integrations. Due
to space limtations these are the only nodels

di scussed in this paper. Al though results fromthe

ot her nodel i ng groups nenti oned above are simlar.
During these nodel simulations, sea ice extent and sea
surface tenperatures are prescribed and updated each
nont h during the ten-year period based on
observations. Mnthly average snow output in terns

of snow cover and snow nass are generated for the
1979-1988 period. The AMP period is concordant

with the SMWR record (1978-1987), and thus

i nterconparison between the AM P nodel ed snow

results and the passive m crowave snow estinates are
of particular interest.

Conpari sons for a single year (1987) between the
SMWR snow data and data fromthe UKMO Hadl ey

nodel (year 1) denonstrated that GCMs were capabl e

of representing observed snow conditions (Foster et
al., 1993). The intent nowis to see how snow out put
fromdifferent GCMs for a nunber of years, conpares



to snow conditions extracted from clinmatol ogi cal data
and fromrenotel y-sensed observati ons.

NOAA vi si bl e data were used as the standard to

conpare the nodel ed snow extent output and the

passi ve m crowave estinmates. For snow nass
nmeasurenents, the US Air Force snow depth

climatol ogy was used as the base line to conpare

nodel ed snow mass and m crowave derived estimates

of snow nmass. Snow mass is the derived snow depth
times a specified density. For exanple, the density for
the SMVR and USAF snow clinmatology is 0.3 g/cn8

and for the Hadley and UK nodels it is 0.25 g/cn8B.

The snow nmass is given in units of 1013 kil ograns,

and the snow extent is given in units of 106 square
kilometers. Snow extent in the area covered by at |east
a thickness of 1 mmof snow for the nodel data and
approximately 1 cmfor the NOAA data. Results are
presented in Tables 1 and 2. Note, in the tables the
average annual percentage difference (Jan-Dec)

excl udes data from Jun- Sep.

3.1. North Anerican Snow Cover

Conpari ng NOAA neasurenents of North Anerican

snow cover to SMVR observations shows that SMVR
underesti mates the NOAA val ues for each nonth
(Table 1). Spring is the season when the percentage
differences are smallest. SMWR underestinmates the
NOAA val ues by 7.1%in March and 6.8%in April.
February and March differences are simlar (7.4 and
6. 7% respectively). The |argest percentage

di fferences, excluding the sunmer nonths of June

t hr ough Sept enber, occur in Cctober and Novenber
when SMMWVR underesti mates t he NOAA val ues by

about 10% The average annual percentage difference
is 21.3%

As with the SM\R data, the UK nodel snow cover
results are snmaller than the NOAA val ues for each
nmonth. During the winter period from Decenber

t hrough March the percentage difference between the
NOAA and UK results is less than 10% Cctober and
Novenber are the nonths when the differences are
greatest (31.5 and 26.4% respectively). The average
annual percentage difference is 15. 0%

The GSFC-1 nodel snow cover values for North

Anerica conpare very favorably with the NOAA

values for all nonths with the exception of May and
Cctober. From Novenber through April the

percent age difference between the NOAA and GSFC- 1
results in less than 7% The average annual percentage
difference is 9.6%



Snow cover results fromthe MPI nodel al so conpare
favorably with the NOAA results. The percentage

di fference between the NOAA and MPl results are |ess
than 11% from Novenber through May, and there is
only a 1% difference for the nonths Decenber

t hrough February. The average annual percentage
difference is 9.0%

3.2 North Anrerican Snow Mass

Concerning North Anerican snow nmass conpari sons,

SMVR- deri ved snow mass val ues are consi derably

smal |l er than the SDC val ues (Table 2). My and June
are the only nonths when the percentage difference

was | ess than 40% From Novenber through March

t he percentage differences are very simlar, from53.6
to 59.0% The average annual percentage differences,
excl udi ng June through Septenber, is 51.7%

The WK snow nmass values for North America are

| arger than the SDC val ues every nonth except

February. The percentage differences are negligible in
January, February and March (< than 4% . |In Cctober
and May however, the differences are greater than

100% The UK snow nass val ues are anonal ously

hi gh during the summer nonths with absol ute

di fferences 50 x 1013 kg nore than the SDC val ues.

The average annual percentage difference is 50.4%

Wth the GSFC- 1 results, snow nmass val ues when
conpared to SDC val ues are small er from Sept enber

t hrough February but [arger from March through June.
April is the nmonth of greatest snow mass according to
results fromthis nodel. February and March are the
only nont hs when percentage di fferences between the
SDC and GSFC-1 val ues are bel ow 20% The | ar gest

di fference occurs in May (174%. The average annual
percentage difference is 58.8%

The MPI nodel generally underestimates snow nmass

when conpared to the SDC snow mass val ues. Apri

and Cctober are the only nouths where the nodel

val ues are larger than the SDC val ues. The cl osest
agreenent between the SDC results and the MPI

results occurs in February (3.8%, and May is the
nont h when the percentage difference is |argest
(39.8%. The average annual percentage difference is
21. 3%

4. D SCUSSI ON

One reason why passive m crowave Snow cover
estimates are snaller than the NOAA neasurenents is



related to the ineffectiveness of mcrowave radiation in
provi di ng i nformation about shall ow snow cover.

Wien the band of snow near the southern limt of the
continental snowline is sufficiently shallow (<3 cm
then the radiation upwelling fromthe ground may pass

t hrough the snowpack virtually uni npeded (Foster et

al ., 1993).

Difference in snow cover areal extent during the late
fall and early spring between the NOAA, m crowave

and nodel data sets may be due to the positioning of
the snowine in the boreal forests. The visible sensors
on-board the NOAA satellites are unable to penetrate
dense forest covers and nonitor the underlying snow.
Wth the mcrowave data the em ssivity of trees,

especi ally dense conifers, can overwhel mthe
scattering signal which results when upwel ling

m crowave energy is redistributed by snow crystals.
Thus, renotel y-sensed snow observati ons nmay under -
represent actual snow extent and snow nass val ues in
forested regions. For the UK nodel data the consistent
underestimati on of snow cover is possibly due to the
nodel physics packages, i.e., radiation, precipitation
and boundary | ayer processes, formng snowtoo far to
the north of where the actual snow ine should be
|located. Al three of the nodels have difficulty in
reliably portraying snow cover conditions in Cctober.
This is the nmonth when snow cover first advances
southward, and it appears that the nodels have a

probl emin gaugi ng when snow expansi on shoul d

begi n.

The boreal forests which stretch across the northern
tier of North Anerica is perhaps the physiographic
regi on where nost of the difference occurs between

t he snow dept h neasurenents based on cli matol ogi cal

data and those based on m crowave observations. The
nost |ikely reason why the m crowave data
underestimates snow mass has to do with the effects of
veget ati on above snow fields. Forests not only absorb
sone of the radiation scattered by snow crystals, but
trees are also emtters of mcrowave radiation. So in
forested areas the signal received by a radi oneter on-
board a satellite is produced by a conbi nati on of

media. GCenerally, the denser the forest, the higher the
m crowave brightness tenperature despite the type and
condition of the media underlying the forest canopy.
Furt hernore, because the canopy shields the snow
fromdirect solar radiation the deepest snow

accunul ate in the densest forests (Foster et al., 1993).

In general, the nodel s produce nore snow nmass than
the SDC data or the SMVR data. The UK node
overesti mates snow mass i n each nonth, but the



di fferences between the SDC and UK results are
especially noticeable during the sunmer and fall. The
reason for this has nore to do with where snowis
permtted to accunmulate and nelt than it does with
how snow accumul ates and nelts. During the sumer

in certain preferred high altitude and high | atitude
| ocations, where there exists a perennial snow cover,
such as the Al aska Range, snow is evidently

accunul ating faster than it is nmelting, and hence the
nodel ed snow nass is an order of nagnitude higher

t han expect ed.

The Gl and MPI nodel s both consi derably

underestimate snow nass in the col der nonths even

t hough their snow cover estimates are in line with the
observed values. Whether this is due to too little
precipitation occurring in these nodels when the
tenperatures are below 0! C, or whether nodel
tenperatures are too warmto allow snow to

adequately accunul ate or to other deficiencies in the
nodel s needs to be further investigated.
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den E Liston (Hydrol ogi cal Sciences Branch, Code 974,
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A nunerical atnospheric nodel based on higher-order

turbul ence cl osure assunptions is devel oped and used to
simul ate the | ocal advection of nmonmentum heat, and noisture
during snowrelt in heterogeneous terrain. The coupl ed node
i ncl udes solution of the mass continuity equation, the

hori zontal and vertical nomentum equations, a two-equation
turbul ence nodel, an energy equation, and a water vapor
conservation equation. Atnospheric buoyancy consi derations
are accounted for, and a | and-surface hydrol ogy nodel,
conplete with full energy bal ance accounting, is inplenented
at the | ower boundary. Such a physically-based nodel can be
used to asses the | ocal hydrol ogi cal consequences of changes
in landscape and climate. In addition, the nodel provides
the opportunity to assess the consequences of conputing
areal |y averaged surface fluxes fromgrid-averaged

at nospheric forcing, a common practice in current regiona
and general circulation nodel integrations for weather and
climate sinulation purposes.

In this study, the nodel is used to simulate energy transfer
processes, during snowrelt, resulting fromw nd fl ow over
alternating bare and snow covered ground. In addition, w nd
flow patterns and associ ated energy fluxes are simulated for
t he case of non-uniformtopography with variabl e snow cover.
Model integrations indicate that the variation in snowrelt
process occurring at mcro- and | ocal -scales are significant,
and argue for inclusion, or paraneterization, of the subgrid-
scal e spatial variability of snow cover in regional- and

gl obal - scal e | and- at nrosphere i nteracti on nodel s.



A M CROCLI MATE MCDEL FOR COWPLEX TERRAIN

The initial phases of an atnospheric nodel based on higher-
order turbul ence cl osure assunptions has been devel oped to
simul ate the | ocal advection of nmonmentum heat, and noisture
i n heterogeneous terrain. The nodel has been specifically
formulated in an effort to solve problens of interest to
resear chers studyi ng physical processes associated with mcro
and regional clinmate and | and-veget ati on-at nosphere
interactions. The coupl ed nodel includes solution of the
mass continuity equation, the horizontal and verti cal
nonent um equat i ons, a two-equation turbul ence nodel, an
energy equation, and a water vapor conservation equation.

At mospheri ¢ buoyancy consi derations are accounted for, and a
| and- surface hydrol ogy nodel, conplete with full energy

bal ance accounting and snow nelt, is inplemented at the | ower
boundary. The nodel is applicable to flows and | and-

at nosphere interactions occurring at mcroscal e to nesoscal e
levels (20 mto 20 km, with a particul ar enphasis on
resol vi ng boundary | ayer processes.

The nodel equations and sol ution procedure designed to
resol ve the rel evant physical processes and fl uxes occurring
in conplex, real-world, situations. As an exanple, the nodel
does not enploy the hydrostatic approximation, conmonly used
in nmesoscal e nodels, and is thus able to resolve the verti cal
wi nds occurring in regions of high topographic variability.
In addition, the nodel is able to

defi ne any | ower topographic boundary configuration, wthout
enpl oyi ng the coordi nate transformati on techni ques comonly
used in current nesoscale nodels. A prelimnary version of

t he nodel has been shown to accurately resol ve high shear
boundary | ayer flows, even those involving separation and
recirculation (Liston et al., 1993).

Several nodel applications are of interest to scientists

st udyi ng | and- at nrosphere interactions and fl uxes under non-
honmogeneous surface conditions. Exanples of inhonogeneous
surface conditions and flows, which the nodel will be able to
resol ve, include: interaction between forest and open
clearings; flow through and over mediumto tall vegetation
canopi es; flow over spatially varying soil noisture; |oca
advection processes over open water |leads in sea ice; snow
accunul ation and erosion in conplex terrain; flow and
snownelt processes over patchy snow cover

Such a physical |l y-based m croclimte nodel, capabl e of

descri bing the advection and fl uxes of nmonmentum heat, and
noi sture in conplex terrain, can be used to asses the | ocal
bi ospherical, hydrol ogical, and neteorol ogi cal consequences
of changes in | andscape and climate. 1In addition, the nodel
provi des the opportunity to assess the consequences of
conputing areally averaged surface fluxes fromgrid-averaged



at nospheric forcing, a common practice in current regiona
and general circulation nodel integrations for weather and
climate sinulation purposes .

PARAMETERI ZI NG SUBCGRI D- SCALE SNOW COVER HETERCCENEI TI ES FOR
USE | N GENERAL Cl RCULATI ON MODELS

Wth its high al bedo, |ow thermal conductivity, and rapid
spatial variability, seasonal snow cover plays a key role in
governing the EarthUs gl obal radiation bal ance; this bal ance
is the primary driver of the EarthUs atnospheric circulation
systemand resulting climate. O the various radiation

bal ance conponents, the |ocation and duration of snow cover
and sea ice conprise the nost inportant seasonal vari abl es.
In the northern hem sphere, the mean nonthly | and area
covered by snow ranges from7%to over 40% during an annua
cycl e, nmaking snow the nost rapidly varying natural surface
feature on Earth.

In light of the key role that snow plays in determning
climate, it is inportant that general circulation nodels
(GCM5), used to simulate climate, be capable of accurately
descri bing the evol ution of seasonal snow covers. Recently,
nuner ous studi es have indicated that current representations
of seasonal snow by GCMs are plagued with significant

devi ations from observations of mddle and high-latitude snow
cover. Typically, GCOMs nodel snow accurul ati on and nelt by
appl yi ng sinple energy and nmass bal ance accounti ng
procedures. These algorithns frequently neglect inportant
physi cal processes such as snow al bedo changes with
tenperature and tinme, and subgrid-scal e tenporal and spatia
variability of snow covered area.

VW are devel opi ng a snow cover nodel suitable for use in GCOMVs
which will explicitly include the influence of subgrid-scale
snow cover variability. Qur fornmulation will al so account
for the affects of different el evation zones, and differing
veget ation types, such as forests and grassl ands.

An initial focus of this proposal is to construct the
seasonal evol ution of snow water-equival ent distribution
curves for each of ten, 4! latitude by 5! |ongitude GCM gri d
boxes, located in the regi on bounded by 40!N to 48!'N, and
87.5!Wto 112.5!W This area roughly extends from M nnesot a
and Wsconsin, to Montana and Wom ng, and includes w de
variations in topography, vegetation, and climte. This zone
al so includes the upper region of the GEWEX GCI P M ssi ssi pp
study basin, where snow noi sture storage is

an inportant feature of the basin hydrol ogy. Formulation of
the snow distribution curves will be acconplished by a

sui tabl e conbi nati on of snow cover depletion curves and an



ener gy bal ance nodel which conputes the potential snownelt
rate.

The generation of snow cover depletion curves is acconplished
usi ng NOAA National Qperational Hydrol ogi c Renote Sensing
Cent er weekly snow cover products. As a secondary data
source, we are utilizing the Chang et al., (1987) Scanning
Mul ti channel M crowave Radi oneter (SMVR) snow par anet er
retrieval algorithmto reconstruct daily snow cover data.
These data are used both in devel opi ng snow cover depl etion
curves, and for conparison with the NOAA Center snow cover
data. In addition to assisting the

devel opnent of high tenporal resolution depletion curves, the
satellite data allows the generation of simlar curves for

ot her regions of the gl obe, such as data sparse areas of the
Arctic.

The potential nelt rate is conputed using an energy bal ance
nodel devel oped for sinulating the seasonal evol ution of

m ddl e and hi gh-1atitude snow packs, when driven by
observations and/or GCM si nul ated at nospheric forcing.

The produced snow di stribution curves are then being used to
paraneteri ze the subgrid-scale snow distribution variability,
and, as a consequence, inprove key features of GCM

simul ations of the EarthUs radiation bal ance and | and-surface
hydrol ogy. In the future, the paraneterization will be
tested using the Goddard Laboratory for Atnospheres GCM

This research conprises a crucial step in the devel opnent of
next - generati on GCM | and- surface hydrol ogy nodel s which
require inproved realismin their paraneterizations of
unresol ved subgri d-scal e processes; processes of which snow
cover plays a fundanmental role.



